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Abstract
A new classical interaction potential for water simulations is presented. Water
is modeled as a fully dissociable set of atoms with a point dipole, determined self-
consistently, on every oxygen atom. The oxygen polarizability is not fixed but de-
pends on the geometry of the system. We show that, in spite of the limited number
of free parameters, the model reproduces the geometrical and vibrational properties
of microclusters in a satisfactory way.
Water, being arguably the most important liquid in our life, has always at-
tracted a great deal of attention from physicists and chemists. It is also a rather
difficult substance to model, and, in spite of vast improvements in numerical
techniques, ab-initio simulations are not yet able to simulate more than a
hundred molecules for a reasonable time. Many classical potentials have been
proposed, but very few of them are able to take into account all the important
structural and dynamical features of water. Dissociability, for instance, is im-
portant in order to describe bulk water and its hydration and proton-transfer
properties. Polarizability is crucial in the description of structural properties.
In this Letter we propose a new dissociable and polarizable potential for wa-
ter and validate it by means of the study of the geometrical and vibrational
properties of the water molecule and of the water dimer and trimer; results on
larger clusters, and a full comparison with other potentials, will be presented
in a full paper. The validation process we used is especially stringent as we
predict a range of physical properties much larger than usually done in this
kind of studies. We believe this gives a better guarantee of transferability to
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our potential than the usual procedures. Our potential contains a small num-
ber of parameters and is based on reasonable physical assumptions, which
include some quantum effects previously neglected. Its aim is to reunite the
advantages of dissociable and polarizable potentials while at the same time
keeping a comparatively simple and physically transparent form.
We assume that, in the molecule, most of the electric charge of each hydrogen
is transferred to the oxygen. We also assume that the electronic polarizability
of the molecule is entirely due to the oxygen. Several models already exist that
allow one to treat successfully ionic crystal structures (see for instance [1,2,3]),
and we will start from there. The potential we propose has the following form:
U = UZZ + UBM + UDD + UVW + UZD + USR.
In the term
UZZ =
1
2
∑
i 6=j
ZiZj
rij
(1)
Zo and Zh indicate ionic charges and are considered as adjustable parameter,
bound by the charge neutrality constraint Zo + 2Zh = 0 and rij = ri − rj ,
where ri is the position of the i-th nucleus. The Born-Mayer repulsive term
UBM =
1
2
∑
i 6=j
f(ρi + ρj)exp
(
Ri +Rj − rij
ρi + ρj
)
(2)
includes the adjustable parameters f, Ro, Rh, ρo, ρh. The term
UDD =
1
2
∑
i∈O
∑
j∈O,j 6=i
(
pi · pi
r3ij
−
3(pi · rij)(pj · rij)
r5ij
)
+
∑
j∈O
p2j
2αo
(3)
describes dipole-dipole interaction, pi being a point dipole located on the i−th
oxygen, and the bare oxygen polarizability αo is taken as a further parame-
ter; since hydrogen is almost entirely deprived of electrons, it is considered
unpolarizable. The Van der Waals term is written as
UVW = −
1
2
∑
i
∑
j 6=i
cicj
r6ij
(4)
while the term
UZD =
∑
j∈O
∑
i,i 6=j
pj · Zi
rij
r3ij
(5)
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describes the charge-dipole interaction. The term
USR = −
∑
i∈H
∑
j∈O
pj · B(rij)
rij
rij
, B(rij) =
F
αo
f exp(
Rsri +Rsrj − rij
ρi + ρj
) (6)
is taken from Ref.[2], where the polarizability in the shell model is studied. In-
tuitively, this term reduces the polarizability of oxygen by taking into account
the interaction between its electronic charge and that of the closest hydrogen
atoms, so it is not surprising that it has the same form of Eq. 2. In principle
the values considered for Rsro + Rsrh (only the sum of these parameters is
relevant) are independent of Ro + Rh, but in practice they are only slightly
different, and in some previous studies [2] they were set as equal.
In almost all this work we set ρh = 0, that is we neglected the short-range
hydrogen-hydrogen interactions given by Eqs. 2 and 6. In short, our potential
is characterized by 11 independent parameters, which are listed in table 1
together with their optimized values.
Zh = 0.80e ρh = 0
Zo = −2Zh = −1.60e ρo = 0.209A˚
f = 0.03405e2A˚−2 αo = 1.027A˚
3
Rh = 0.012A˚ F = 0.29e
−1A˚3
Ro = 1.718A˚ ch = 0.01eA˚
5/2
Rsrh +Rsro = 1.77A˚ co = 3.9eA˚
5/2
Table 1
Optimized set of parameters
It is worth noting that the optimized value of αo lies approximately midway
between the polarizabilities of oxygen and of the water molecule. We fitted
several physical quantities we considered of primary interest: of the monomer,
the geometrical data, the vibrational frequencies and the dipole moment, all
of them known experimentally. Of the clusters, the geometrical data relative
to the equilibrium configurations, which are known experimentally and some-
times from ab-initio calculations. The equilibrium geometries were found us-
ing a simple steepest-descent algorithm, with pi determined self-consistently,
while the vibrational frequencies were obtained via numerical calculation and
diagonalization of the dynamical matrix. After fixing the parameters of the
potential, as a further test we calculated the cluster binding energies, the vi-
brational frequencies and some configurations considered as local minima of
the potential energy as reported also in some ab-initio studies, comparing all
these data with those found in the literature.
In the rest of this paper we shall use the following symbols: µ for the dipole mo-
ment of the molecule; νss, νas and νb for the molecule normal modes, that is, re-
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spectively, symmetric stretching, asymmetric stretching and bending ; µ(molec)
is the average molecular dipole moment in the clusters.The subscripts b and
f indicate the bond and free hydrogens, respectively.
Exptl data ab-initio[14] This work
d(O-H) 0.957A˚[4] 0.965A˚ 0.961A˚
θH−O−H 104.5
o[4] 103.8o 104.5o
νb 1595cm
−1[5] 1623cm−1 1158cm−1
νss 3657cm
−1[5] 3807cm−1 3609cm−1
νas 3756cm
−1[5] 3936cm−1 3234cm−1
µ 1.86D[6] 1.87D[9] 2.07D
Table 2
Molecule data
The results for the molecule are shown in table 2. As one can see, the overall
agreement with the experimental data is good, the only quantity in error of
more than 15% being νb. The frequencies νss and νas are in the wrong order, a
feature common in our potential, but given the small difference between them
this does not look too worrying. Attempts made to fix the discrepancy led to
an oxygen-oxygen repulsion that is too small.
The numerical results on the dimer are collected in table 3. The ground-state
geometry is, qualitatively, the usual one; θd is the angle between the bisector
of the H-O-H angle of the donor molecule and the O-O direction, θa is the
same for the acceptor. De is the dimer dissociation energy.
Exptl∗/ab-initio† data This work
d(O −O) 2.98A˚[7]∗ 3.20A˚
θ(O −Hb −O) 174
o
± 10o[7]∗ 171o
d(O −H)b 0.972A˚[14]
† 0.98A˚
d(O −H)f 0.964-0.966A˚[14]
† 0.960-0.968A˚
θa 57
o
± 10o[8]∗ 92o
θd 51
o
± 10o[8]∗ 57o
De 0.23eV[7]
∗ 0.16eV
µ(molec) 2.10D[9]† 2.22D
Table 3
Dimer structural data
We found that, as co and Ro vary, when the oxygen-oxygen separation increases
then αo decrease by about the same amount, and vice versa: this is clearly
an electrostatic effect due to the attraction of the hydrogens in the acceptor
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molecule and the oxygen of the donor molecule. In addition, the angle θa
increases, as one would expect, as the molecular dipole moments decrease and
tend not to align. The excessive value of θa is therefore a price we have to
pay in order to obtain a dipole moment not too high. We also verified that, as
d(O−O) increases, De decreases. It is thus not surprising that, since d(O−O)
is overestimated, De is underestimated.
Exptl data Ab-initio (MP2) This work
Intermolecular [10] [14] [11]
ω12: Donor torsion - 141 155 107
ω11: Acceptor twist - 147 193 238
ω8: Acceptor bend 243 155 178 262
ω7: O-O stretch 155 185 220 94
ω6: In-plane donor wag 320 342 398 487
ω10: Out of plane donor bend 520 632 715 722
Intramolecular [12]
H-O-H acceptor bend 1601 1624 1615 1196
H-O-H donor bend 1619 1651 1636 1303
Donor bridge O-H stretch 3530 3712 3539 3127
Acceptor sym. O-H stretch 3600 3799 3659 3590
Donor free O-H stretch 3730 3907 3719 3550
Acceptor asym. O-H stretch 3745 3929 3746 3215
Table 4
Dimer normal modes (in cm−1)
Result for the dimer normal modes are shown in table 4. For their definition
we follow Ref.[14] and their identification Refs [10,20,11]. The ordering of the
intermolecular frequencies we find is not in complete agreement with experi-
mental or ab initio data; it is the same found by [14], with the exception of
the “O-O stretch” mode. The experimental data show that the intramolecular
frequencies are not much different from those of the monomer; the main dif-
ference consists of an increase of the bending frequencies and a decrease of the
symmetric and asymmetric stretching frequencies. These trends, confirmed by
ab initio calculations ([14] and [19]), are well reproduced in our results.
The equilibrium geometry of the trimer is shown in fig.1 and the numerical
data are collected in table 5. The longest side of the triangle corresponds to the
smallest H-bond angle. This is characteristic of our potential. We obtained two
relative minima, shown in fig. 2 and 3. The first is 0.06 eV above the energy
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Fig. 1. Trimer equilibrium geometry
Fig. 2. Trimer: the lowest metastable state
in the absolute minimum, the second 0.15 eV. Their ordering in energy is the
same as in the ab initio calculations [17,18], respectively 0.04 and 0.24 eV.
As an illustration of the overall quality of our potential, in Table 6 we show
the trends of two important quantities — the average oxygen-oxygen distance
and the average molecular dipole moment — with increasing number n of
molecules in the cluster. To make trends clearer, for n < 8 the lowest-energy
cyclic clusters have been considered, even when they are not the absolute
energy minima. It is clear that the trends from ab initio calculations are well
reproduced and the absolute errors actually decrease with n.
In conclusion, we have shown that the model reproduces the basic physical
properties of microclusters in a satisfactory way. In particular, we are able
to obtain bond lengths and dipole moments within 10-20% of experimental
and ab-initio values, and to reproduce qualitatively not only all the ground-
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Exp. dataa This work
d(O-O) 2.94-2.97-2.97A˚ 3.10-3.09-3.25A˚
θ(O1 −Hb −O2) 152 163
θ(O2 −Hb −O3) 150 156
θ(O3 −Hb −O1) 153 164
Hb1 − (O1 −O2 −O3) 180 175
Hb2 − (O2 −O3 −O1) 180 180
Hb3 − (O3 −O1 −O2) 180 181
ab initio This work
d(O −H)b 0.977A˚
e 0.99-1.00A˚
d(O −H)f 0.964A˚
e 0.963-0.965-0.966A˚
Hf1 − (O1 −O2 −O3) 118
e 93
Hf2 − (O2 −O3 −O1) 237
e 268
Hf3 − (O3 −O2 −O1) 231
e 256
De/Nmol 0.22eV
c 0.15eV
µ(molec) 2.31Dd 2.37D
Frequency range (cm−1)
intermolecular 101-730 b 75-1083
158-863 e
185-951 f
intramolecular 1753-4215 b 1288-3544
1632-3898 e
1623-3727 f
Table 5
Trimer data aRef.[15].bRef.[14], HF.cRef.[16], LDA+GC.dRef.[9].eRef.[14],
MP2.fRef.[19], LDA+GC.
state geometries, but also several local minima. This remains true when the
potential is applied to larger clusters, as we will show in a forthcoming paper. It
should be stressed that for almost none of the potentials found in the literature
one can find a comparison with experimental or ab-initio data as extensive
and thorough as ours. Moreover, the limited number of parameters we used
makes it more likely that their values are close to the real ones. We therefore
believe that our potential is a promising one with regard to transferability and
accuracy.
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Fig. 3. Trimer: the next-lowest metastable state
n 1 2 3 4 6 8
d(O −O)(A˚) This work - 3.20 3.14 2.80 2.77
d(O −O)(A˚) [14] - 3.03 2.93 2.88 2.86
µ(molec)(D) This work 2.07 2.22 2.37 2.76 2.82 2.77
µ(molec)(D) [9] 1.86 2.10 2.31 2.55 2.70 2.72
Table 6
Trends with varying n in cyclic clusters and the octamer, compared with ab initio
results
This work has been funded by a MIUR-COFIN grant.
References
[1] E.E.Havinga, J.Phys.Chem.Solids 28 (1967) 55
[2] G.Galli and M.P.Tosi, Il nuovo Cim. 4D (1984) 413
[3] M.Wilson, P.A.Madden, N.C.Pyper, and J.H.Harding, J.Chem.Phys. 104
(1996) 8068
[4] W.S.Benedict, N.Gailar, and E.K.Plyler, J.Chem.Phys. 24 (1956) 1139
[5] K.Kuchitsu and Y.Morino, Bull.Chem.Soc.Jpn., 38 (1965) 805
[6] F.J.Lovas, J.Phys.Chem.Ref.Data 7 (1978) 1445
[7] T.R.Dyke, K.M.Mack, and J.S.Muenter, J.Chem.Phys. 66 (1977) 498
[8] J.A.Odutola and T.R.Dyke, J.Chem.Phys. 72 (1980) 5062
8
[9] J.K.Gregory, D.C.Clary, K.Liu, M.G.Brown, and R.J.Saykally, Science 275
(1997) 814
[10] R.M.Bentwood, A.J.Barnes, and W.J.Orville-Thomas, J.Mol.Spec. 84 (1980)
391
[11] M.J.Frisch, J.A.Del Bene, J.S.Binkley, and H.F.Schaefer III, J.Chem.Phys. 84
(1986) 2279
[12] L.Fredin, B.Nelander, and G.Ribbegard, J.Chem.Phys. 66 (1977) 4065
[13] B.Nelander, J.Chem.Phys. 69 (1978) 3870
[14] S.S.Xantheas and T.H.Dunning, J.Chem.Phys. 99 (1993) 8774
[15] E.S.Campbell and M.Mezei, J.Chem.Phys. 67 (1985) 2338
[16] K.Laasonen, M.Parrinello, R.Car, Changyol Lee, and David Vanderbilt,
Chem.Phys.Lett. 207 (1993) 208
[17] W.Klopper, M.Schu¨tz, and H.P.Lu¨thi, J.Chem.Phys. 103 (1995) 1085
[18] O.Mo´, M.Yanez and J.Elguero, J.Chem.Phys. 97 (1992) 6630
[19] D.A.Estrin, L.Paglieri, G.Corongiu, and E.Clementi, J.Phys.Chem. 100 (1996)
8701
[20] J.R.Reimers and R.O.Watts, Chem.Phys. 85 (1984) 83
9
